L ung transplantation is lifesaving for patients with end-stage lung diseases. However, the number of patients waiting for a lung transplant greatly exceeds the number of available donors. On average, only 15% of lungs from multiorgan donors are used for transplantation 1 ; the rest are considered unsuitable owing to the lung injury that occurs after brain death and to complications associated with treatment in the intensive care unit (ICU) (e.g., barotrauma and pulmonary edema). Although nonstandard donor lungs (i.e., lungs with suboptimal gas-exchange function or infiltrates visible on chest radiographs) 2 have been used successfully, 3, 4 increased primary graft dysfunction -an acute lung injury that appears within 72 hours after transplantation -has been reported in some studies. 2, 5, 6 Such injury affects early outcomes and is associated with an increased risk of chronic graft dysfunction. [7] [8] [9] Thus, clinicians tend to be highly conservative when selecting donors, 10 and because of the relatively small number of organs that are deemed to be acceptable, mortality is high among patients awaiting transplantation. 11, 12 Increased use of available lungs is a promising means of augmenting the number of lung transplants. Although management strategies in the multiorgan donor are important in preventing lung deterioration, 13 organs are often retrieved before the lungs can recover from brain death or related injuries. 14 The use of static hypothermia is widely accepted for preserving lung viability after removal, 15, 16 but the inhibition of cellular metabolism as a result of hypothermia 17 makes it difficult to repair lungs or assess them (i.e., retest the organ) during the preservation period. Ex vivo lung perfusion (EVLP) with the use of acellular normothermic perfusate after organ retrieval is a potential method for assessing lung viability. With EVLP, lungs are perfused and ventilated ex vivo at body temperature to mimic physiologic conditions. Preclinical studies have shown that normal and injured donor lungs that were maintained for up to 12 hours in the EVLP system had excellent, sustained lung function after transplantation. 18, 19 In this study, we examined the feasibility of assessing the physiological integrity of high-risk lungs before implantation by means of EVLP.
Me thods

Study Design
In this single-institution, prospective, nonrandomized trial, we compared outcomes in recipients of high-risk donor lungs that had been subjected to normothermic EVLP 20 and contemporaneous recipients of conventionally assessed lung transplants. Donor lungs that met the entry criteria (i.e., were at high risk for nonuse) were retrieved, delivered to our center by means of standard cold-storage transport in a low-potassium dextran solution (Perfadex, Vitrolife), and perfused in the EVLP system for 4 hours. Lungs were considered suitable for transplantation if during EVLP the PO 2 :FiO 2 ratio -that is, the partial pressure of oxygen ex vivo (PO 2 ) to the fraction of inspired oxygen (FiO 2 ) -was 350 mm Hg or more and if deterioration from baseline levels of all three physiological measurements (pulmonary vascular resistance, dynamic compliance, and peak inspiratory pressure) was less than 15% while the lungs were ventilated with the use of a tidal volume of 7 ml per kilogram of donor body weight and a rate of 7 breaths per minute during the perfusion period.
Recipients provided written informed consent to participate in this study in accord with the protocol, which was approved by the University Health Network research ethics board. Recipients were chosen sequentially, independently of their assignment to either the EVLP group or the control group, and were selected on the basis of blood type, size of the organ (total lung capacity), and waiting-list status, in keeping with our usual practice. Group assignments were based solely on whether the donor lung met the entry criteria; if it did, it was implanted in the intended recipient after EVLP. There was one exception, since one recipient had not provided consent for participation (>90% of patients on the waiting list provided consent during the pretransplantation visits). In that case, the next recipient was chosen. A separate consent form was used for the three initial patients in the safety and feasibility study. Recipients were informed before transplantation that they would be receiving EVLP lungs. After the lungs were transplanted, standard care was provided in both groups, including fluid manage- ment, antibiotic prophylaxis, immunosuppression, and surveillance bronchoscopy. 21 The study was conducted in accordance with the protocol. The sponsor (Vitrolife) was not involved in the conduct of the study, analysis or storage of the data, or preparation of the manuscript.
Inclusion and Exclusion Criteria
Donors
High-risk donor lungs were defined as those meeting any one of the following criteria: best ratio of the partial pressure of arterial oxygen (PaO 2 ) to FiO 2 of less than 300 mm Hg; pulmonary edema, defined as bilateral interstitial infiltrates without evidence of infection, detected on the last chest radiograph by the lung-transplantation physician assessing the donor; poor lung deflation or inflation during direct intraoperative visual examination at the donor site; blood transfusions exceeding 10 units; and donation after cardiac death, as defined by Maastricht category III (donor without a heartbeat and with cardiocirculatory death imminent after withdrawal of treatment) or category IV (cardiocirculatory death in a brain-dead donor). 22 Donor lungs with established pneumonia, severe mechanical lung injury (i.e., contusions in more than one lobe), or gross gastric aspiration were excluded. Donor age was neither an exclusion nor an inclusion criterion.
A previously described donor score based on age, status with respect to smoking, chest radiographic findings, bronchopulmonary secretions, and arterial blood gas measurements was used to compare the severity of donor risk factors between groups. 23 The score ranges from 0 to 18, with higher scores indicating more risk factors; a maximum score of 7 was considered to be the cutoff level for transplant acceptability. 23 
Recipients
All patients on our waiting list for single or bilateral transplantation or re-transplantation were eligible. Candidates for combined heart-lung transplantation were excluded.
Study Logistics
Donor lungs were offered to our lung-transplantation program through our provincial organ procurement organization (Trillium Gift of Life Network). Assessment of potential donor lungs was based on the usual constellation of clinical factors, including history, PaO 2 :FiO 2 , bronchoscopic findings, radiologic assessment, and direct examination of the lung during procurement. As is our practice, we pretreated all potential lung donors with glucocorticoids (methylprednisolone, 15 mg per kilogram of body weight given intravenously every 24 hours); according to the ICU policy of the donor hospital, antibiotics were given to donors if a specific organism had been identified on bronchoalveolar lavage. Donor lungs were included in the EVLP group only after a complete assessment by our team was carried out at the donor hospital before harvesting. Once accepted for EVLP, donor lungs were transported to our center, where a team of trained nurses, perfusionists, and transplantation surgeons had prepared the EVLP system in a sterile operating room. All lung-transplantation surgeons were aware of the design and objectives of the study.
A safety and logistic feasibility study was first performed in three patients who underwent bilateral lung transplantation, with the use of standard criteria for donor lungs. One lung was transplanted according to conventional practice, and the other was transplanted after 1 hour of EVLP (see Fig. 1A in the Supplementary Appendix, available with the full text of this article at NEJM.org). Post-transplantation chest radiographs and bronchoscopic inspection of the anastomosis in the lungs transplanted according to conventional practice and the lungs transplanted after EVLP were similar ( Fig. 1B and 1C in the Supplementary Appendix).
Ex Vivo Lung Perfusion
Technique
The acellular EVLP technique has been described in detail elsewhere ( Fig. 2 in the Supplementary Appendix, and Video 1, available at NEJM.org). 18, 19, 24 For details concerning the EVLP technique and the composition of the perfusate, see the description and Table 1 in the Supplementary Appendix. After 4 hours of EVLP, the lungs were cooled to 10°C over a period of 10 minutes. Thereafter, perfusion and ventilation were stopped (with FiO 2 changed to 0.5 for the purpose of lung storage), and the trachea was clamped at full inspiration to maintain the lungs in a state of inflation. The lungs were then stored at 4°C in Perfadex until transplantation.
Ex Vivo Functional Assessment
For the functional assessment ex vivo, tidal volume was set at 10 ml per kilogram of donor body weight and 10 breaths per minute, with 
R e sult s
Donor Lungs
From September 2008 through January 2010, lungs from 306 multiorgan donors were offered to our program, and 136 lung transplantations were performed. Lungs from 23 donors were identified as high-risk on the basis of entry criteria and were evaluated for 4 hours while being perfused in the EVLP system ( Table 2 in the Supplementary Appendix). Twenty of these lungs had physiologically stable pulmonary function and were accepted for transplantation (Fig. 1); 9 were from donors without a heartbeat (Maastricht category III, 45%) and 11 were from brain-dead donors (Maastricht category IV, 55%). 22 Donor age and status with respect to smoking did not differ significantly between the EVLP group and the control group, but there were significant between-group differences in donor lung characteristics at baseline (Table 1) . Donor lungs in the EVLP group had significantly worse gas exchange and more radiographic and bronchoscopic abnormalities (e.g., mucopurulent or bloody airway secretions and evidence of charcoal aspiration). Within the EVLP group, lungs from donors without a heartbeat had higher PaO 2 :FiO 2 values and lower donor scores than did lungs from brain-dead donors.
The median time from harvest to implantation for the EVLP group was 653 minutes (range, 267 to 1021) versus 370 minutes (range, 163 to 662) for the control group (P<0.001). The three preservation periods (i.e., cold ischemic time 1, EVLP time, and cold ischemic time 2) for the EVLP group are shown in Figure 3 in the Supplementary Appendix.
Lung Function during EVLP
There was significant improvement in gas exchange during EVLP in the 20 lungs used for transplantation (Fig. 2) . The median PaO 2 :FiO 2 while the lungs were still in the donors was 335 mm Hg; after 1 hour and 4 hours of EVLP, the PO 2 :FiO 2 increased to 414 and 443 mm Hg, respectively (P<0.001). In addition, pulmonary vascular resistance, dynamic compliance, and peak inspiratory pressure were stable throughout the 4 hours of EVLP in all 20 lungs used for lung transplantation. lungs, with the EVLP PO 2 :FiO 2 decreasing to less than 350 mm Hg in some cases, and these lungs were not transplanted (Fig. 4 in the Supplementary Appendix). The 20 lungs selected for transplantation showed stable or improved radiographic findings during EVLP (e.g., reduced pulmonary edema or decreased consolidation and atelectasis between 1 hour and 3 hours of EVLP) (Fig. 5 in the Supplementary Appendix).
Clinical Outcome in the EVLP Group
Primary graft dysfunction was defined as impaired gas exchange meeting ISHLT criteria for grade 2 or 3 dysfunction (PaO 2 :FiO 2 <300 mm Hg) 25 after lung transplantation, in the absence of other causes of impaired gas exchange. The incidence of primary graft dysfunction 72 hours after lung transplantation tended to be lower in the recipients of EVLP lungs than in the controls (15% vs. 30.1%; 95% confidence interval [CI], −2.6% to 32.8%; P = 0.11) ( Table 2 ). None of recipients in the EVLP group had severe primary graft dysfunction at 72 hours (PaO 2 :FiO 2 <200 mm Hg) (Fig. 6 in the Supplementary Appendix), as compared with 9.4% of controls (P = 0.36). A post hoc analysis of the effects of EVLP stratified according to donor subgroup (i.e., donors without a heartbeat and braindead donors) ( Table 2) showed no significant difference in primary graft dysfunction, although the statistical power of the study to detect such a difference was low. With regard to secondary end points, there were no significant differences between the EVLP and control groups in the occurrence of primary graft dysfunction at the other three time points (at ICU arrival and 24 and 48 hours after transplantation) ( Table 2) . None of the patients with EVLP lung transplants had gas-exchange abnormalities sufficient to warrant extracorporeal membrane oxygenation. The incidence of bronchial complications requiring intervention (e.g., dilation) was similar in the EVLP and control groups (5% and 4%, respectively; P = 1.0), and no significant differences between the groups were observed in the median duration of post-transplantation mechanical ventilation (2 days for both groups, toneal bleeding due to anticoagulation therapy for atrial fibrillation. Both causes of death were confirmed by autopsy. No serious adverse events were directly related to EVLP (Table 3 in the Supplementary Appendix). The survival rate at 1 year was 80% in the EVLP group and 83.6% in control group (P = 0.54); 15 of the 20 recipients of EVLP lungs (75%) and 94 of the 116 controls (81%) survived, with median follow-up times of 561 days (range, 7 to 821) and 542 days (range, 9 to 828), respectively.
Discussion
Lung transplantation is limited by the shortage of available organs and by complications that occur after transplantation, such as primary graft dysfunction. The condition of the transplanted lung during the perioperative period strongly influences both short-term and long-term outcomes. 7, 9, [26] [27] [28] In our study, we found that it was feasible to improve the outcome of transplantation if lungs from donors without a heartbeat or brain-dead donors were subjected to 4 hours of normothermic ex vivo perfusion during the organ-preservation phase.
To confirm that donor lung function was adequate for transplantation, we used a combination of physiological variables that addressed gas exchange (PO 2 :FiO 2 >350 mm Hg), pulmonary mechanics (stable peak inspiratory pressure and dynamic compliance), and pulmonary vasculature (stable pulmonary vascular resistance). One could argue that the advantage of EVLP is that it can be used to identify lungs that are not suitable for transplantation. Indeed, two of the three lungs that were rejected after EVLP appeared to function reasonably well on the basis of assess- ments carried out while the lungs were still in vivo (i.e., the PaO 2 :FiO 2 was adequate and the chest radiograph was normal), but because they were obtained from donors without a heartbeat, they were included in the study (see cases 17 and 18 in Table 2 in the Supplementary Appendix). However, these lungs were not transplanted because pulmonary vascular resistance, peak inspiratory pressure, or dynamic compliance deteriorated during EVLP. Unfortunately, the study design does not allow us to conclude that this decision was correct, since there was no group of matched controls in whom such lungs were transplanted. We chose primary graft dysfunction at 72 hours as the primary end point on the basis of evidence suggesting that it is the best determi- nant of early outcomes: 30-day mortality was 36% among patients with grade 3 primary graft dysfunction at 72 hours versus 5% among patients without grade 3 dysfunction. 9, 26 In the patients in our study who received lungs assessed during EVLP, the incidence of primary graft dysfunction was low, and severe dysfunction (grade 3) at 72 hours was absent, despite the fact that the function of the EVLP lungs was significantly more impaired at baseline (on the basis of the donor score) than that of the control lungs. In light of the confidence intervals for the differences between the two groups (95% CI, −3% to 33%), we are 97.5% confident that the incidence of primary graft dysfunction in the EVLP group was not more than 3% higher than that in the control group. Other measures of the outcome in recipients, such as the number of days of mechanical ventilation and the duration of the ICU and hospital stays, were also acceptable and were similar in the two groups. Mortality at 30 days was 10% in the EVLP group -twice that in the control group; however, this difference represented only one excess death, and the causes of death, as assessed on autopsy, were not directly related to graft dysfunction. To our knowledge, the use of EVLP in humans has not previously been assessed prospectively in a systematic fashion. Clinical experience with EVLP is limited to six lung transplants that underwent short-term (1-hour), blood-based EVLP. 27 Our study involved a normothermic, acellular, blood-free perfusate; protective perfusion and ventilation strategies; and a prolonged perfusion time. This approach was associated with gradual improvement in the function of most of the lungs that were subjected to EVLP.
The few series of cases of lung transplantation involving lungs from donors without a heartbeat (Maastricht category III) have indicated good early outcomes [28] [29] [30] [31] [32] ; however, one recent study showed increased rates of primary graft dysfunction, as well as increased in-hospital mortality. 33 Therefore, most lung-transplantation centers do not use lungs from donors without a heartbeat. Indeed, we were hesitant to transplant such lungs, even if they seemed otherwise adequate, until we were able to assess lung function using EVLP.
The limitations of this study are inherent in studies with a small number of cases and lack of randomization. Thus, our study does not provide definitive evidence that the lungs subjected to EVLP would have performed well if they had been directly transplanted, without the use of EVLP. Although a randomized clinical trial of EVLP would be ideal, overcoming the ethical difficulty of directly transplanting so-called questionable organs will present a challenge.
In conclusion, our study shows that the use of extended normothermic EVLP allows an objective assessment of high-risk donor lungs. When these lungs are transplanted, acceptable rates of primary graft dysfunction are achieved, and the early outcomes are similar to those with conventionally selected and transplanted lungs.
